To understand the evolutionary dynamics of human parvovirus B19, we analyzed VP1 and VP2 gene sequences of B19 sampled from Belém (Amazon), the city of São Paulo, Brazil and globally. Our analysis revealed a strikingly different pattern of evolutionary change for those viral lineages introduced into Belém, which exhibited a higher rate of nonsynonymous substitutions compared to those viruses sampled from other locations. We propose that difference this is due to the high prevalence of B19 in Belém (up to 85%) compared to other locations (prevalences of approximately 50%), which imposes a more intense selection pressure. Hence, those B19 lineages introduced into Belém experienced an elevated rate of amino acid change, driven by positive selection, in order to generate serial re-infections in a small web of transmission, which can be thought of as an evolutionary "pressure pan".
Introduction
A complex interplay of factors influences the emergence and re-emergence of viral diseases, including virus genetic variation (itself generated by mutation, recombination and reassortment) and environmental factors (ecological, social and behavioral influences). Most emerging diseases are caused by RNA viruses (Cleaveland et al., 2001) , which can often quickly adapt to varying ecological conditions, including new host species, due to the high error rate of the virus RNA polymerase and their immense population sizes. In contrast, DNA viruses, which replicate by means of DNA polymerase, are less prone to mutational error, generally experience lower long-term rates of nucleotide substitution and, as a consequence, are less often associated with cross-species transmission.
However, not all DNA viruses evolve slowly. Most notably, canine parvovirus (CPV), a single-strand DNA virus, was recently found to possess an evolutionary rate of approximately 10 − 4 substitutions/site/year, broadly similar to that observed in RNA viruses, and to experience strong positive selection following its emergence from feline panleukopenia parvovirus (FPLV) or a closely related virus (Shackelton et al., Available online at www.sciencedirect.com Virology 369 (2007) 281 -287 www.elsevier.com/locate/yviro 2005). The erythrovirus B19, a human-associated member of the family Parvoviridae, evolves at a similar rate, suggesting that parvoviruses, and perhaps all single-stranded DNA viruses, experience an elevated mutation burden (Shackelton and Holmes, 2006) . Parvovirus B19 is the only known human pathogenic erythrovirus and has been detected globally in human populations. The virus causes a wide spectrum of clinical conditions, mainly erythema infectious in children and arthropathy/arthralgia in adults. In immunocompetent individuals a self-limited infection is most common, while in immunocompromised patients a persistent infection may occur (Pattison, 1990; Brown et al., 1994) . However, despite the clinical importance of B19 and the observation that it evolves at an elevated rate, little is known about the selection pressures acting on this virus and how they may differ among localities with differing epidemiological profiles. To this end, we conducted an intensive analysis of the evolutionary dynamics of genotype 1 of B19 in two populations in Brazil,
i.e., Belém in the Amazon region and the metropolis of São Paulo.
Results and discussion

Phylogenetic relationships of B19 virus
In total, we obtained 46 individual sequences from 46 patients in Belém, sampled from 1995 to 2005, and 48 individual sequences from 48 patients from São Paulo, sampled from 1990 to 2003. These sequences were analyzed together with the reference sequences in a codon-based alignment of 139 taxa and covering 476 bp. The maximum a posteriori (MAP) tree for B19 with branch lengths corrected by time of isolation is shown in Fig. 1 (with the outgroup sequence removed to increase resolution). A similar topology was obtained using the ML method (data not shown). Although sequences from Belém (shown in magenta in Fig. 1 ) fall throughout the tree, most cluster into three main lineages (shown by numbers followed by the * symbol). Cluster 1 * was largely comprised of sequences from isolates from Brazil (including Belém) and suggested a significant exchange of viruses within Brazil, although it also contained 4 sequences sampled from elsewhere: a single US isolate from 1994 (U38515/US), a 2001 isolate from Sweden (AY028237/ sw), a 1994 isolate from Germany (Z70528/ge) and a 1996 isolate from Finland (AF161224/fi). In contrast, Clusters 2 * and 3 * are dominated by lineages from Belém and therefore appear to indicate independent introductions of lineages from the Northern hemisphere into Belém (although because of the relative small sampled size, we cannot exclude that the initial introduction was from southern Brazil). Nevertheless, both instances suggest the independent introduction of lineages of B19 genotype 1 into the Amazon region. To test for independent entries more formally, we compared the best tree for these data (log likelihood = − 2721.907), to that obtained under a topological constraint that forces samples from Belém to become monophyletic (log likelihood = − 2758.270), which would imply a single introduction event. The difference in likelihood of 36.363 was significant with a one-tailed Shimoidara-Hasegawa test (p = 0.045), supporting the hypothesis of multiple and independent introductions of genotype 1 lineages into the Amazon region.
Patterns of evolutionary change
Since the phylogenetic analysis suggested independent introductions of B19 virus into the Amazon, we divided the sequences into 2 groups -Belém and 'Cosmopolitan' (i.e., all sequences from elsewhere, including São Paulo) -to determine whether they differ in evolutionary dynamics. First, to obtain a graphical overview of the data, we explored patterns of genetic divergence at different codon positions. This revealed far higher genetic distances at the 1st and 2nd codon positions of B19 isolates in Belém compared to the Cosmopolitan population, as indicated by the slopes of regressions in Fig. 2 . In marked contrast, the 3rd codon positions of B19 isolates in Belém had lower levels of genetic divergence than that of the Cosmopolitan sequences ( Fig. 2 ). This highly distinctive pattern indicates that B19 in Belém is characterized by a higher rate of nonsynonymous substitution than those viral isolates sampled from other locations, but that levels of genetic diversity at synonymous sites are consistently reduced. Fig. 2 . Plot comparing genetic distances at 1st and 2nd with 3rd codon positions versus total distance among common regions of VP1 and VP2 gene of human parvovirus B19. Regression slopes indicated that sequences from Belém had a higher rate of change at 1st and 2nd codon positions compared to the cosmopolitan sequences (i.e., all other sequences not from Belém) but a lower rate of change at 3rd codon position.
Selection pressures on B19
To further explore the evolutionary processes acting on B19 in Belém, we estimated values of Tajima's D statistics that tests the null hypothesis of a mutation-drift equilibrium (i.e., of neutral evolution). Negative values of Tajima's D suggest that positive selection may be acting on a population. Again, a strikingly different pattern was observed between Belém and the Cosmopolitan populations: (i) Cosmopolitan isolates, including sequences from Erdman et al. (1996) We next investigated whether selection pressures acting on different codon sites could be responsible for the difference among the Belém and Cosmopolitan populations. Using the CODEML method, we found no evidence for positive selection at any individual codon in either the Belém or Cosmopolitan data sets (in that neutral models of codon evolution could not be rejected by those more complex models that support positive selection). However, this analysis also indicated that 15 codons in the B19 isolates from Belém had an elevated d N /d S ratio, with a mean ratio of 1.50. Further, six of these sites were detected as being subject to weak positive selection in HyPhy (Bayes factor values b 20) with a mean d N /d S ratio of 1.70. In contrast, CODEML detected 4 sites in the Cosmopolitan group with an elevated mean d N /d S ratio of 2.25, three of which were also observed in HyPhy, but with a lower mean d N /d S ratio of 1.10. Considered together, the data revealed an elevation in nonsynonymous rates among the B19 lineages sampled from Belém, several of which could possibly be under positive selection, although this latter conclusion will need to be confirmed with a larger sample of sequences. Moreover, it remains to be determined if similar results of higher nonsynonymous rates among samples from Belém are also to be found in the entire VP1 and VP2 genes, where immune-dominant epitopes are known to be present. Fig. 1 depicts the most parsimonious reconstructions (MPRs) on the MAP tree, showing the excess of nonsynonymous changes along the independent radiation of lineages in Belém. Sites 4, 27, 72 and 105 changed independently within the Belém clusters, while site 155 was shared by a group of 3 sequences, suggestive of possible propagation among the human population. A single site coding a lysine at codon 19 (shown in yellow in Fig. 1 ) was shared by both Belém (once) and Cosmopolitan (twice) sequences. Other than codon 19, no other sites in the Cosmopolitan sequences appeared more than once.
Population dynamics of B19
To investigate other aspects of the population dynamics of B19 in the Belém and Cosmopolitan populations, we estimated several population parameters using the Bayesian coalescent method available in the BEAST package. This analysis revealed that B19 appears to experience equivalent evolutionary rates in all populations, growing according to a logistic model, with similar growth rates and doubling times (λ) ( Table 1) . For all groups, rates of nucleotide substitution exhibited overlapping HPD values, with an average rate of 2.572 × 10 − 4 nucleotide substitutions per site, per year (subs/site/year) for the Belém lineages, of 1.9 × 10 − 4 subs/site/year for the Cosmopolitan isolates, and of 8.809 × 10 − 5 subs/site/year for the São Paulo viruses. These results are similar to those estimated previously for B19 (Shackelton and Holmes, 2006) .
The most striking result of this analysis is that those B19 lineages independently introduced into Belém have all experienced an elevated rate of nonsynonymous evolution. Since we did not find any features of viral epidemiological dynamics (i.e., population growth rates) consistent with this pattern, we argue that unique differences in the host population, particularly in terms of selection pressure, represent the most likely explanation.
The prevalence of B19 in South America may be around 50% (Abarca et al., 2002; Anderson et al., 1986; Cohen and Buckley, 1988; Gay et al., 1994; Nunoue et al., 1985) , which are close to those obtained globally. B19 is endemic in the Amazon region and may undergo fluctuations in incidence in intervals ranging from 3 to 5 years (Freitas et al., 1993) . More notably, there was an increase in prevalence from 43% in 1990 to 85% in 2002 in Belém (Freitas et al., 2002) . Consequently, the current prevalence in Belém is roughly 70% higher than in other regions. The clinical resolution of acute B19 infection is associated with the emergence of persistent antiviral IgG, mainly directed to both B19 structural proteins, VP1 and VP2 (Azzi et al., 2004; Rosenfeld et al., 1994) . In addition, B19 infection induces a persistent activated CD8 + T cell response (Isa et al., 2005) . Both the presence of previous IgG and a strong CTL may play a significant role upon reinfection in immunecompetent individuals (Nikkari et al., 1996; Zakrzewska et al., 2001) , and B19 has been shown to reinfect and persist in immune-compromised patients (Flunker et al., 1998) . Therefore, a plausible evolutionary scenario for B19 in the Amazon would entail the reintroduction of viral lineages, which must then negotiate, by way of adaptive evolution, higher levels of herd immunity; in other words there is an increased necessity to infect, and reinfect, a small susceptible population. Under this type of selective pressure, B19 lineages present in Belém would show an increase in the number of nonsynonymous changes through adaptive evolution to facilitate serial re-infections. Further, since the host population in the Amazon is smaller than that of other regions providing it with new B19 lineages, a relatively small web of transmission would prevent genetic diversity from accumulating at synonymous positions following repeated selective sweeps (and reflected in measures of genetic diversity at 1st and 2nd codon positions). Hence, we propose that Belém acts as an evolutionary "pressure pan" for B19. It is clearly important to determine whether B19 is under similar pressures in other regions of the world possessing epidemiological conditions similar to those of Belém, or if other endemic pathogens in the Amazon exhibit similar evolutionary patterns.
Materials and methods
Clinical samples
The clinical samples used in this study were collected by the Department of Virology, Evandro Chagas Institute, Belém (n = 46) between 1995 and 2005, and at the University of São Paulo Hospital and several other hospitals in the city (n = 48) between 1990 and 2003. Blood samples were collected during acute phase of disease by antecubital venepuncture. We included patients diagnosed with: (i) exanthematous diseases, (ii) acute arthropathy, (iii) hematological disorders, (iv) encephalitis, (v) myocarditis and, (vi) systemic lupus erythematosus. All sera were frozen at − 20°C until processed anonymously upon the approval by an ethics committee at both, Evandro Chagas Institute and University of São Paulo (Resolução No. 196, 1996) .
DNA extraction, PCR and semi-nested PCR Viral DNA was extracted from sera samples by the phenolchloroform method (Umene and Nunoue, 1993) . The PCR and semi-nested PCR was performed according to Durigon et al. (1993) . The expected molecular size was 563 and 476 bp for the first and semi-nested PCR, respectively.
Sequencing
The nucleotide sequences of the amplified fragment were determined by the dideoxy chain termination method using the sequencing ABI PRISM Dye Terminator kit (Applied Biosystems, Foster City, CA) and resolved in an ABI 3100 DNA sequencer. Both complementary strands were directly sequenced using the same primers used in semi-nested PCR. AB030694, AB126262, AB126263, AB126264, AB126265,  AB126267, AB126268, AB126271, AF162273, AF161223,  AF161224, AF161225, AF161226, AY386330, AY028237,  M24682, M13178, Z68146, Z70560, Z70528, Z70599,  NC000883 . A number of outgroup sequences were also utilized; genotype 2 (AY044266, AY064475), genotype 3 (AY083234, NC004295) and the Simian parvovirus (U26342). This represented a total of 44 sequences additional sequences. Therefore, a total of 138 sequences were compiled for analysis.
Evolutionary analysis
To compare B19 from different regions we inferred maximum likelihood (ML) phylogenetic trees using PAUP * (Swofford, 2003), using the best-fit evolutionary model as determined by Modeltest 3.7 (Posada and Crandall, 1998) which was found to be HKY + Γ (with a transition/transversion ratio of 3.213 and a shape parameter, α, of 0.493). Using this model, pairwise genetic distances were estimated for 1st and 2nd codon positions taken together (mostly nonsynonymous changes) and for the 3rd codon position separately (mostly synonymous changes), and plotted against total nucleotide distance.
We used a number of methods to determine the selective pressures acting on B19 virus. First, we obtained pairwise estimates of the value of the Tajima's D statistic, and rates of nonsynonymous (d N ) and synonymous (d S ) substitutions per site (ratio d N /d S ) using the MEGA v3.1 package (Kumar et al., 2004) . For the analysis of d N /d S we used the codon-based method of Li-Wu-Luo, with standard errors estimated after 1000 bootstrap replicates. We also inferred site-specific d N and d S using both the CODEML (Yang, 1997) and HyPhy (Pond et al., 2005) programs. In CODEML we employed models 0 (invariant), 1 (neutral), 2 (negative selection), 3 (positive selection), 7 (ten categories of rates for codon sites) and 8 (eleven categories of rates for codon sites) and with HyPhy we used the "MG94xHKY85x3_4x2_Rates" allowing for rate heterogeneity in the model parameters and 4 categories per rate parameter.
To estimate rates of evolutionary change of B19 in both Brazilian populations we employed the Bayesian-Markov Chain-Monte Carlo (MCMC) method available in the BEAST v1.3 package (Drummond and Rambaut, 2003) . Sequences were dated according to the year of sampling and run with a chain length of 40 million under the HKY + Γ substitution model, under the assumption of a relaxed molecular clock and a variety of different models of demographic history; constant population size, exponential population growth, logistic growth, expansion growth, and a Bayesian skyline plot which gives a piece-wise graphical picture of demographic history. Only the parameters for the best model (i.e., the one showing the maximum a posteriori probability) are shown here. Confidence intervals were given by the 95% highest probability density (HPD). The BEAST analysis was also used to infer the maximum a posteriori (MAP) tree, which branch-lengths scaled in time. Finally, the most parsimonious reconstructions (MPR) of amino acid changes along lineages of the B19 phylongey were estimated using the MacClade v. 4.07 program (Maddison and Maddison, 2003) using both the ML and MAP trees. MPRs of sites with elevated d N /d S were then mapped to specific lineages.
